We present a systematic study of the interaction between a silicon tip and a reconstructed Si(100)2×1 surface by means of total energy calculations using Density Functional Theory. We perform geometry optimisation to obtain the reconstructed Si surface using the Local Density Approximation and the Generalized Gradient Approximation methods and compare our results with those obtained experimentally.
2 Kitamura and Iwatsuki [3] , and Ueyama et al. [4] . For the first time, they showed that, in ultra-high vacuum using the non-contact AFM mode and operating in the attractive regime on reactive surfaces they could produce true atomic resolution images of the surfaces they studied. Since then many authors have carried out investigations surface scanning probe interactions both experimentally [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and theoretically [5, 25-27, 29, 30] on different kinds of surface. In particular, experimental and theoretical work on reactive semiconductor surfaces include Si(111)7×7 [6] [7] [8] 11] , Si(100)2×1 [15] [16] [17] , InP(110) [18] , InAs(110) [19] ; on metallic surfaces include Ag(111) [20] , Cu(111) and Cu(100) [21] ; and on insulator surfaces include NaCl(100) [22] , α-Al 2 O 3 (0001) [23] , KCl(100) [24] . The conclusion of these works is that shortrange chemical interactions, within the order of a few Angstrom, between the dangling bond of the surface adatom and the dangling bond of the tip apex account for the quality of the images in non-contact AFM. This was also pointed out by Pérez et al. [26, 27] who used a Si tip over a reactive reconstructed Si(111) surface. In their system they calculated the total energy, normal force and force gradient as a function of distance between the tip and the surface. They showed that only the short-range interaction at near contact distances (∼ 2.5 -4Å) is able to provide a variation in the force gradient across the surface and is strong enough to achieve atomic resolution. At larger distances (∼ 5Å) the covalent chemical interaction is comparable in magnitude to the Van der Waals (VdW) interaction between the tip and the surface. However, the covalent chemical interaction dominates the force gradients probed in non-contact mode AFM.
The correlation between image contrast, force interactions and distance between tip and surface in non-contact mode AFM within ultra-high vacuum (UHV) were investigated experimentally by Uchihashi et al. [7] for a Si(111)7×7 surface. In this experiment they observed that the variation of VdW or electrostatic interactions contributed to low contrast images while the chemical interactions which is responsible for high contrast images. They concluded that image contrast correlates to the characteristics of the force gradient. In particular the discontinuity they obtained in the force gradient versus tip-surface distance curve is due to the crossover from physical to chemical bonding interactions between the AFM tip and the Si adatoms of the surface and it is at such points where a high or low contrast image can be obtained.
In the present work, we employ psuedo-potentials within density functional theory (DFT) to carry out a systematic investigation of a Si tip operating in the attractive region over a reactive reconstructed Si(100)2×1 surface. The choice of the particular system is motivated 3 by the use of this type of surface not only in semiconductor device fabrication [31] but also in a number of molecular manipulation experiments using scanning probes [32, 33] . The aim of this investigation is thus to elucidate a theoretical understanding of this system using a first principles approach to aid not only in AFM image interpretation but also in designing molecular manipulation and synthesis experiments using scanning probes on the Si(100)2×1
surface. One could then use the tip-surface interaction model obtained by our calculations and design experiments which could, for example, include similar to those reported recently by Sugimotoet al. [12] [13] [14] performed on different type surfaces.
In this study we have calculated and presented the total energy, normal force and force gradient as functions of tip-surface distance when the tip scans across the surface in different directions. We have performed these calculations for different attractive regimes including distances between the tip and the surface where virtually no interaction takes place and also at close distances where there is a strong interaction. For these attractive regimes, we performed calculations for both the unconstraint and the constraint system and compared.
For the unconstraint case all atoms in the system are allowed to relax, for the constraint case all atoms are kept fixed during the calculations. By comparing these two cases we demonstrate the large movements of surface atoms under the effect of the tip, especially at the strong attractive regime regions.
To study the tip-surface interactions we first obtained the reconstructed Si(100)2×1 surface which we subsequently used in the study. To validate our model of the Si(100)2×1 surface we compare the results of our calculations with simulation results from literature.
Also we compare with experimental measurements obtained with various methods including both Atomic Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM) and other experimental methods. Then we present our modelling approach and the results obtained for the tip-surface interaction and provide the theoretical explanation of results obtained with experimental methods. At present, to the best of our knowledge, an investigation of this type involving the particular system is lacking in the scientific literature and we thus aim at filling this gap.
II. DESCRIPTION OF THE COMPUTATIONAL MODEL
The system we are considering is a supercell that contains a Si(100)2×1 slab and a Si tip.
The slab is composed of a number layers of Si atoms with its atoms on the bottom layer 4 saturated with hydrogen atoms. Atoms on the bottom layer of the slab and the H atoms are always kept fixed during the calculation. The slab is chosen thick enough so that only atoms on the top layers can reconstruct and atoms on the lower layers remain at their bulk positions. We determined the number of layers of the slab by testing convergence of total energy as a function of that number. Following these tests the number of layers at which the total energy converged at a reasonable computational time was determined at 7 layers.
The tip was modeled as a single crystal Si comprising of 4 Si atoms. The Si atoms at the base of the tip are saturated with H atoms and are kept fixed during calculations. Therefore there is a single dangling bond pointing downwards from the tip apex atom, towards the surface. A similar tip was also used in the work by Pérez et al. [26] [27] [28] . In their work they also studied a larger tip comprising of 10 Si atoms [27] . Results of total energy and normal forces obtained for these two different structures were almost identical suggesting that the short-range tip-surface interaction is dominated by the interaction of the dangling bond of the apex atom with the surface [27] . In both of these models they assumed a single apex atom with a single dangling bond. Here we make the same assumption and employ only the 4-Si-atom single crystal tip model. Since we only consider tip-surface interaction and want to completely avoid interaction between the tip and the bottom layers so in the supercell there is a vacuum gap between the tip and the bottom layer of the next supercell that is thick enough to avoid this interaction happening. Using a vacuum gap of 8Å will satisfy that requirement. The tip and surface structures are shown in Fig. 1 . The total energy and atomic force are calculated with density functional theory [34] , which is implemented in the CASTEP code [35] . For the exchange-correlation term, both the local density approximation (LDA) [36] and generalized gradient approximation (GGA) [37] forces are determined in a stepwise, quasistatic manner by making small movements of the tip either normal or parallel to the surface. This assumption takes advantage of the fact that the frequency of the AFM tip motion is many times lower than the frequency of the atoms of the surface. At each step, the apex atom of the tip and atoms in the slab (except atoms on the bottom layer and H atoms which are kept fixed) are allowed to fully relax to their equilibrium positions for that particular tip position. The optimised surface structure obtained at the n th step is then used as an input (or "seed" structure) for the (n + 1) th step calculations.
Atomic relaxations are performed via a conjugate gradient scheme until the energy change (∆E) between subsequent iterations of structural optimisation becomes less than 1×10
eV/atom, while the maximum forces (F max ) acting on the atoms are less than 1×10 −2 eV/Å.
The energy tolerance (δE) between subsequent self-consistent iterations is less than 1×10 do not depend on the choice of those values. All these convergence calculations will not be shown in the paper.
III. RESULTS AND DISCUSSION

A. Si(100)2×1 reconstructed surface
In Tables I, II and Fig. 2 we present results of the reconstructed surface. We start calculations with an initial unreconstructed surface structure having two dangling bonds for each atom on the surface. We provide a direct comparison of our results with experimental measurements obtained by different methods including X-Ray diffraction [41] , low-energy electron diffraction (LEED) [42] and also AFM [16] . In addition we compare with theoretical results obtained by Refs. [39, 40] and [38] .
Our results show that the reconstructed Si(100)2×1 taking into account the fact that in the Si(100)2×1 surface, dangling bonds of the two atoms in a dimer are not vertically pointing out of the surface but they tilt from the vertical direction and lie on the (101) plane which contains the dimer. Therefore the maximum interaction between the dimer atoms and the apex atom of the tip does not take place directly above the dimer atoms but at positions laterally displaced a small distance from the dimer atoms. This gives rise to the measurement error which when corrected taking this into account yields an actual dimer bond length.
The reconstructions just occur for the top layer on the surface and few layers beneath it, other lower layers will not be affected or affected very little under the reconstruction. Bond length of the Si dimers and the back bonds, as well as the buckling lengths for the first 3 layers are shown in Fig. 2 for both LDA and GGA calculations. The buckling lengths in this figure are shown for atoms labeled 1 to 6 in the first three layers and denote the buckling length between the n th and the (n + 1) th labeled atoms. Table II shows the buckling lengths for all layers for LDA and GGA methods, including data obtained by Over et al. [42] in their LEED experiment. These are the lengths between each atom labeled 2 to 11 and atom labeled 1. The bond lengths which correspond to the back bonds between the buckled dimer adatom and lower atom and atoms in the second layer are 2.37Å and 2.31Å respectively. by less than 1.5% [43] . Hence the discrepancy between LDA and GGA is less than 2.1%, which is comparable to the discrepancy in our calculations of A symmetric dimer structure has also been obtained during our calculations. However, this structure is short-lived. The reason is that the total energy per dimer in this structure is higher than that of the asymmetric dimer structure with an energy difference of 0.122 eV and 0.170 eV for LDA and GGA methods, respectively. Hence the symetric structure represents an excited state of the Si(100)2×1 surface but only slightly above the equilibrium ground state obtained in our calculations. However, this difference in energy per dimer between these structures is very small, and under external influences, for example with the presence of a tip or at higher temperatures, transition from asymmetric to symmetric structure can easily occur. Indeed, scans with a Scanning Tunneling Microscope (STM) at room temperature have obtained images of both symmetric and asymmetric dimers [44, 45] .
In these experiments symmetric dimers have been observed because of thermally induced flipping of the asymmetric dimers to an excited state. As the temperature decreases the Si dimers assume asymmetric positions again and therefore a more stable structure at lower temperatures [46] . Recently, Ono et al. [47] have observed asymmetric dimers forming locally a c(4×2) structure for Si(001)2×1 at a temperature 10 K, and under the influence of a tip symmetric dimers are also observed. The same observation was made by Mitsui et al. [48] at temperature 65 K.
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B. Vertical tip displacements
In this section we present results of our investigation of the short-range interaction forces between the tip and the surface at different tip heights. To show how the atomic relaxation affects these forces as well as how the structure changes we carry out two different calculations, namely constraint and unconstraint calculations. First for constraint calculations, total energy and normal force are plotted as a function of tip-surface distance. The Morse potential is used to describe the potential between the dangling bonds of the surface atom and the apex atom of the tip (see Fig. 3a ), which is known to provide a good description of covalent bonding in a diatomic molecule [27, 49] . This potential is given by:
where r is the interatomic distance, r 0 is the equilibrium bond distances, D 0 , a, V (r 0 ) are parameters that define the strength and range of the bonding interaction.
These parameters can be obtained from fitting the calculated data in Fig. 3 . Results from this fitting are also shown in 4. In Figure 4 , the total energy is plotted as a function of the tip-surface distance, h, where h is defined as the distance from apex atom to the adatom before any relaxation has taken place. This distance is shown in Fig. 1 . The normal force in Fig. 4b is calculated as a numerical derivative of the total energy with respect to the tip-surface distance. In both LDA and GGA methods, the behaviour of total energy and normal force are almost the same.
The minimum energy and a zero normal force are obtained when the tip-surface distance is around 1.9Å and 2.0Å, for LDA and GGA, respectively. The real tip-surface distances measured after the relaxation are 2.26Å and 2.32Å, respectively for LDA and GGA. The lower atom of the dimer has a buckling length of 0.713Å with respect to the adatom as shown in Fig. 2 . Interestingly, when the tip scans over the lower atom of the dimer at tip-surface distance at which a minimum of the total energy exists, this point coincides with that as in the case when the tip scans over the adatom. This is because the dimer flips when tip scans sufficiently close to the lower atom. When this phenomenon occurs the lower atom becomes the adatom and the adatom is thus pushed downwards becoming the new lower atom. This flipping starts to take place at tip-surface distance of about 4Å.
As we mentioned earlier, the short-range interaction between the tip and the surface is dominated by covalent chemical bonding and the force gradient is primarily responsible for the resolution in AFM imaging. We can now confirm this by comparing the force gradients for both chemical and VdW interactions. The contribution of the VdW interaction to the normal force of tip-surface is described by the Hamaker summation method [50] . In Figure   5 we show the force gradients for the tip-surface when the tip scans over the adatom and the force gradients associated with the VdW interaction assuming a spherical macroscopic tip having a measured radius of curvature of 40Å. Results from both constraint and unconstraint calculations are shown in this figure. Recalling that in constraint calculations atomic positions are kept fixed so the tip-surface distance is the real distance from tip to the surface. Hence we can then fit the calculated data to the Morse potential as shown in Fig.   3 and subsequently the normal force and force gradients can be obtained by the analytical derivative of energy with respect to the distance. However, in the unconstraint calculation, atomic positions are allowed to fully relax. This results to tip-surface distance, as defined above, not being the same the real distance from the tip to the surface especially in the case of short-range interactions. For this case we thus cannot fit the calculations show in Fig. 4 to the Morse potential. Therefore, in this case, to obtain the force gradient we need to calculate the numerical derivative of the normal force with respest to the tip-surface distance h. In Figure 5 we clearly see that in short-range interactions at about 2.5 -5Å the force gradient is dominated by covalent chemical interactions and when the tip is in this region adatoms are clearly obtained implying enhanced resolution of the image. The result is almost the same from LDA and GGA calculations.
C. Lateral tip displacements
It has been shown that in lateral scans the variations of the force and the energy generally exhibit the same trend [27, 28, 51] and this calculated energy or force distribution can qualitatively reflect the AFM image in the frequency shift mode. In Figure 6 we show the When increasing the tip height at 4.3Å or higher the direction of scanning plays no role in imaging as both these scans give the same result. Since at this height only the adatom can interact with the apex atom, so only this adatom can be imaged. At this height of the tip's apex atom with respect to the adatom of the surface dimer but directly above the lower atom of the dimer the distance between the tip and the lower atom is about 5.1Å
and therefore too high. Hence interaction between them is too weak to induce any flipping.
With the tip height at 5Å, even when the tip crosses over the adatom the interaction is very weak and hence in this case no atom on the surface can be clearly observed. Figure 6 shows that in the attractive regime the tip-surface distance plays an important role to the changes in energy and normal force, which correlates to the atomic resolution and image contrast. The normal force decreases as the tip-surface distance increases. It is important to notice that when the tip scans from A to B the two minimum points in the energy curve (or maximum in the normal force curve) are not obtained when the tip is vertically above the adatom but when it is slightly shifted away from these positions at about 0.142Å as shown in Figs. 6 and 7. This shift is due to the orientation of the adatom's dangling bond on the surface, which is tilted at an angle of 12.5 o from the vertical. After subtracting these displacement shifts we obtain the real distance between these two adtoms which is about 2.5Å.
Our results for the observation of one or two atoms per dimer have also been observed in the AFM experiment by Uchihashi et al. [15] . Results from STM experiment at room temperature [44, 45] and at lower temperatures [47] confirmed these two structures as well.
IV. CONCLUSIONS
By using density functional theory we have systematically investigated the Si (100) we observe only one atom, it is the new adatom after flipping has taken place. When this happens the structure does not alter during the tip displacement towards A.
